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Hypotheses of speciation in the tropics generate expected patterns of species distributions and phylogenetic relationships. Here, we review phylogeographic predictions from the main models of speciation in the tropics and compare them to observed patterns of mtDNA variation in three genera of small mammals from the Atlantic Forest of Brazil. The patterns of mtDNA variation among the genera are idiosyncratic, suggesting that large-scale external environmental factors have not affected all taxa similarly. However, we find some support for relative isolation among the three main mountain ranges in the Atlantic Forest domain consistent with the Montane Isolates Hypothesis. Also, there is some support for the Ecological Gradients Hypothesis in the distribution of sister species/clades in different habitats within mountain ranges. Speciation in the Atlantic Forest is likely to involve multiple mechanisms and additional, fine-scale studies of numerous groups are needed to differentiate among alternative hypotheses.
SPECIATION AND TROPICAL FOREST DIVERSITY
The Atlantic rain forest of coastal Brazil is recognized as one of the world's most threatened biodiversity hotspots and preserving what remains of the Atlantic Forest is a high priority among conservation organizations (McNeely et al., 1990) . In general, current conservation efforts in rainforests worldwide seek to conserve the ecological conditions that accommodate high endemic species diversity. While this goal is laudable, it has recently been emphasized that it is also important to conserve the evolutionary processes that generate and maintain species and ecological diversity (Crandall et al., 2000; Balmford et al., 1999; Smith et al., 1993; Erwin, 1991a) . The single largest impediment to effectively conserving the evolutionary processes that generate diversity in rainforests is our lack of knowledge concerning those processes. Here, we review the four major models of diversification that have been the mainstays of explanations for tropical diversity. We then review available data from vertebrates in the Atlantic Forest that are pertinent to discriminating among these hypotheses. None of the studies to date have been designed explicitly to test alternative hypotheses of diversification in the Atlantic Forest, but they provide critical insight into the patterns of genetic and species diversity that are necessary for designing detailed analyses to test alternative models of diversification.
Theories of Rainforest Speciation
The evolutionary mechanisms responsible for generating the high biodiversity of tropical rainforests have been a topic of debate for decades (Erwin, 1991b; Stebbins, 1974; Mayr, 1963) . Generally, models of speciation for tropical faunas have emphasized the geographic context of speciation and focused on divergence in allopatry. The single exception is Endler's model of parapatric divergence in response to diversifying selection across ecological gradients (Endler, 1982a ).
Allopatric models: There are three prominent models for allopatric diversification in tropical rainforests, namely the Pleistocene Refugia Hypothesis (PRH) (Mayr and O'Hara, 1986; Vanzolini and Williams, 1970; Haffer, 1969) , the Riverine Barrier Hypothesis (RBH) (Wallace, 1852) and the Montane Isolate Hypothesis (MIH) (Moreau, 1966) . All three models invoke vicariant mechanisms -either the contraction of rainforests to isolated refugia during Pleistocene glacial maxima (PRH and MIH) or the dissection of continuous habitat by the formation of large rivers such that populations on either side are isolated (RBH). In each scenario, the geographically isolated populations diverge due to genetic drift and/or natural selection because they are insulated from the homogenizing effects of gene flow. The Pleistocene Refuge Hypothesis, which has been the most prominent model of allopatric speciation (Whitmore and Prance, 1987; Vanzolini and Williams, 1970; Haffer, 1969) , stresses the role of large, isolated forest refugia in generating new taxa and high species diversity (Mayr and O'Hara, 1986; Haffer, 1969) . The PRH depends on the premise that climatic change caused rainforests to contract, leaving refugia separated by dry forests or savanna (Prance, 1982) . Since its inception, the PRH has been controversial (Cracraft, 1994; Endler, 1982a and 1982b; Mayr and O'Hara, 1986; Haffer, 1969) . It reflects a long history of equating centers of biodiversity with centers of species origin (Willis, 1922; Diels, 1908; Darwin, 1858) . Criticisms of this model include (1) uncertainty about whether Amazonian rainforests contracted or just changed in composition (Colinvaux and de Oliveira, 2001; Colinvaux et al., 2000; Colinvaux et al., 1996) , (2) bias caused by differences in sampling effort (well studied areas tend to have more described species and are therefore identified as refugia and/or centers of endemism; Nelson et al., 1990) , (3) circular reasoning in the location of contact zones defined by sister taxa relationships (Mayr and O'Hara, 1986; Endler 1982b) , (4) a lack of discussion of alternative models that provide equally good explanations for biogeographic patterns (Endler, 1982a; Endler, 1982b) , and (5) difficulty in identifying a priori spatially and temporally bounded refugia.
Although early debates focused on the effects of Pleistocene events, particularly those of the last glacial cycle or two (e.g., Diamond and Hamilton, 1980; Haffer, 1969) , the PRH has more recently been extended to Tertiary events on the assumption that the climate oscillations throughout this period were also of sufficient amplitude and duration to promote rainforest fragmentation and speciation (Haffer, 1993) . Generally, the importance of glacial periods to speciation is an active area of debate (Moritz et al., 2001; Arbogast and Slowinski, 1998; Avise and Walker, 1998; Klicka and Zink, 1998; Schneider et al., 1998; Klicka and Zink, 1997; Zink, 1997) .
Important, but rarely discussed, are the ecological conditions within proposed refugia and the associated processes of divergence (e.g., Vanzolini and Williams, 1981) . If ecological conditions among refugia differ substantially then populations may be expected to diverge in response to divergent natural selection, whereas if ecological conditions remain similar, populations may diverge only by drift.
The second allopatric model, the Montane Isolate Hypothesis (MIH), postulates that isolation in montane rainforest remnants during climatic dry periods led to divergence and speciation (with new species subsequently expanding their range to the lowlands). First introduced by Moreau (1966) based on distribution of closely related birds on isolated mountains in West Africa, the MIH proposes divergence of populations simply as a result of isolation on mountains and does not specify whether divergence results primarily from drift or divergent selection.
The third allopatric model, the Riverine Barrier Hypothesis (RBH), postulates that geographic isolation by river systems causes divergence and speciation (Wallace, 1852) . The common observation that the boundaries of closely related species or subspecies often coincide with the major rivers of Amazonia has been taken as evidence for the RBH. For example, several primates (Hershkovitz, 1977) , some passerine birds (Cracraft and Prum, 1988; Haffer, 1974; Haffer, 1969) , and many Amazonian lizards (Avila-Pires, 1995) have distributions bounded by rivers. However, congruence between patterns of phenotypic diversity and distribution of rivers is inconsistent (Capparella, 1992) . A problem shared with the PRH is that distributional data alone are consistent with multiple speciation hypotheses. Difficulties with the RBH arise from the fact that large rivers, because they inhibit dispersal, may be convenient meeting points for species that diverged elsewhere (Patton et al., 1994) and, thus, have little or nothing to do with the process of speciation. Furthermore, the strength of the barrier to gene flow is expected to diminish toward the upper reaches of a river (Peres et al., 1996; Ayres and CluttonBrock, 1992) and drainage patterns are dynamic and change over evolutionary time.
Non-allopatric models: Non-allopatric models of divergence include divergence among contiguous populations (parapatric divergence; Mayr, 1963) as well as classical sympatric divergence. The most prominent parapatric model is the Ecological Gradients Hypothesis (EGH). This model postulates that divergent selection across strong environmental gradients is sufficient to cause differentiation and speciation despite the presence of gene flow (Orr and Smith, 1998; Smith et al., 1997; Endler, 1977; Rice and Hostert, 1993) . The EGH implies that transitional environments (altitudinal gradients or ecotones) are areas in which divergent selection and speciation occur. Consequently, the EGH predicts that habitat transitions, rather than rivers or refuge boundaries, are areas of contact between sister taxa. Recent emphasis on current (Tuomisto et al., 1995) and, possibly, historical (Colinvaux et al., 1996) heterogeneity of vegetation structure within Amazonia suggests that transitional environments are a common component of rainforest landscapes and may provide opportunity for the EGH to operate within rainforests. The observation that hybrid zones are commonly located in ecotones (Endler, 1982a and 1982b) , and that sharp ecological gradients along the lower slopes of mountain ranges are often the areas of highest species diversity (Fjeldså, 1994; Duellman, 1978) are consistent with the EGH, but distributional data alone are open to multiple interpretations (e.g., Mayr and O'Hara, 1986; Endler, 1982b) Testing Alternative Hypotheses The hypotheses outlined above generate a series of predicted patterns at both the interspecific (phylogenetic) and intraspecific level ( Figure 1 ). In general, allopatric models predict that sister species should be found on either side of current or historical barriers to dispersal whereas the ecological gradients model predicts that sister species should occupy adjacent but different habitats (e.g., altitudinal replacement by sister species). If we assume that the processes that generate species are the same as the processes that result in divergence of populations, then analyses of population divergence can be particularly enlightening. Simultaneous comparisons of populations occupying different habitats in geographically isolated regions provide strong evidence of the processes important in divergence. Sampling of populations across habitats within and among geographically isolated regions provides for a direct test of the relative importance of geographic isolation and ecological gradients in divergence (see Figure 1) . If, for a given level of genetic divergence, reproductive isolation or morphological divergence is greater among habitats than within habitats, a role for divergence in response to ecological gradients is indicated. If reproductive or morphological divergence between populations isolated in similar habitats is as great as that among isolates that occupy different habitats, then little role for adaptive divergence across ecological gradients is indicated. Figure 1 . Tests for the effect of selection in divergence among populations (modified from Orr and Smith, 1998; Schluter and Nagel, 1995) . (a) Four regions are defined. Shading indicates different habitats and the bold horizontal line indicates a partial or complete barrier to gene flow (e.g., geographic distance or a physical barrier). Populations A and A' occupy one habitat and populations B and B' occupy a different habitat. (b) By comparing morphological divergence in fitness-related traits or reproductive divergence among populations, relative roles of drift and selection in divergence can be evaluated. If selection is driving population divergence then, for a given level of genetic divergence, greater reproductive isolation (or morphological divergence) is expected among populations from different habitats than among populations occupying similar habitats. If the degree of reproductive divergence is similar within and among habitats, then factors acting independent of the environment (e.g., drift) are indicated. (c) Historical relationships among populations provide an additional test of the hypothesis that selection is important in speciation. Populations A and B (also A' and B') are sister groups that occupy different habitats while populations A and A' occupy similar habitats but are not sister groups. In parallel speciation (Schluter and Nagel, 1995) similar adaptive divergence of populations occurs independently two or more times. In the single habitat shift scenario, A is the ancestral habitat and a single shift to habitat B occurs. If reproductive divergence is greater between A and B (and A' and B'), than between A and A' (and B and B') then selection is implicated in divergence.
The Atlantic Forest
Rainforests in the Atlantic Forest region of southeastern Brazil are concentrated in four main mountain ranges and the coastal lowlands (Figure 2) , covering coastal plains, coastal mountains and the inland plateau (Brasil, 1992) . The rainforests in the region are classified into wet evergreen forest (ombrófila densa) and drier semideciduous rainforest. To the west, the semi-deciduous forest grades into the dry savanna-like vegetation of the Cerrado. The two rainforests in Brazil -the Atlantic Forest and the Amazon Forest -are separated by a wide area of Cerrado and semiarid vegetation (Caatinga). The Atlantic Forest originally stretched 3,500km along the coast of Brazil, covering 1,360,000 km 2 . It is estimated that only 8% of the original vegetation cover remains today (Conservation International do Brasil et al., 2000) . In some states deforestation is even greater, with the state of Espirito Santo having only 1% of its original forest remaining.
The degree of endemism in the Atlantic Forest is high: 50% of tree species and 40% of mammal species are endemic to the Atlantic Forest (Câmara, 1991) . In the Atlantic Forest, 18% of birds, 30% of reptiles, 26% of amphibians, and 38% of fish are endemic (Conservation International do Brasil et al., 2000) . Of the 6 genera and 20 species and subspecies of primates in the Atlantic Forest, 2 genera and 18 species are endemic, with 14 species listed as endangered or vulnerable (Rylands et al., 1997; Câmara, 1991) . It is estimated that at least 30% of all plant and animals species are endangered (Miranda and Mattos, 1992) , with mammals alone accounting for 14% of the threatened species. Due to its high levels of deforestation and high diversity, the Atlantic Forest is considered one of the three top-priority areas for conservation (Myers et al, 2000) .
Of the four major mountain ranges in the Atlantic Forest, the Serra do Espinhaço is the most northerly (Figure 2 ), running north-south with the Rio Jequitinhonha cutting through it at more or less its mid point. The highest elevation in Serra do Espinhaço is 2,062m above sea level, making it the lowest of the four major mountain chains in this area. It is also the most inland, encompassing the Atlantic Forest as well as the Cerrado domains. The Serra da Mantiqueira runs northeast-southwest, defining the path of two major rivers: the Rio Doce on its northwest slope, and the Rio Paraiba do Sul along its southern margin. It is the highest of the four ranges, with the highest point at 2,787m. The Serra do Mar (alt. 2,310m) is the most eastern mountain range, on or very close to the coast, where, at many places, it literally ends on the beach. The Serra dos Órgãos is the most localized of the mountain chains, and may be regarded as an extension of the Serra do Mar. The Serra dos Órgãos is restricted to the state of Rio de Janeiro, with a maximum altitude of 2,275m. Due to the orientations of Serra da Mantiqueira, Serra do Mar and Serra dos Órgãos, all of which parallel to the coast, precipitation is highest on the eastern slopes, with more than 1,500mm of rainfall a year (maximum 4000mm per year); this is where the evergreen broadleaf forest is found. The height of the mountains results in a rain shadow on the western side of the ranges, where the forest is drier, with a one to two month dry season, creating the semi-deciduous forest. 
APPLICATION OF THE MODELS OF SPECIATION TO THE ATLANTIC FOREST Pleistocene Refuge Hypothesis
Molecular systematic studies on diverse taxa from several rainforest regions indicate that the vast majority of speciation events among recognized species occurred prior to the Pleistocene, thus rejecting the Pleistocene Refuge Hypothesis (PRH) as a significant contributor to the current high diversity and endemism of vertebrates in tropical rainforests (Patton and Costa, 2003; Moritz et al., 2001; Lara and Patton, 2000; Moritz et al., 1997; Patton et al., 1997; Lara et al., 1996; Heyer and Maxson, 1983) . Moreover, studies at the population level found that even long-term (pre-Pleistocene) geographic isolation had little effect on phenotypic divergence in Australian endemic rainforest lizards. This suggests that geographic isolation, even for long periods of time, may be insufficient to generate phenotypic divergence and speciation.
The PRH has played a prominent role in discussions of the biogeographic history of the Atlantic Forest (Brown, 1987; Jackson, 1978) . Based on patterns of species diversity and endemism, several refuges have been proposed (Câmara, 1991) . Data bearing on the importance of Pleistocene refugia in speciation in the Atlantic Forest are few, but one of the earliest molecular systematic studies (Heyer and Maxson, 1983 ) examined albumin immunological distances among species of frogs from the Atlantic Forest and found that the depth of divergence among species far exceeded expectations from Pleistocene speciation. More recently, analyses of mtDNA variation in several small mammals have demonstrated a similar pattern of ancient divergence (Patton and Costa, 2003; Mustrangi and Patton, 1997; Patton et al., 1997; Lara et al., 1996 ; but see Leite, 2002 for two cases of recent divergence in the Atlantic tree rat Phyllomys). While divergence among most recognized species antedates the Pleistocene, recent rainforest refugia may provide the opportunity for allopatric divergence among populations of widespread species and refugia may thus still play a role in generating biodiversity.
Riverine Barrier Hypothesis
Phylogenetic and phylogeographic analyses of several groups of South American vertebrates are equivocal with respect to the Riverine Barrier Hypothesis (RBH). Sister species (or sister populations) are not always found on either side of major rivers, as predicted by the RBH. In several cases, however, sister groups are found on either side of large rivers, which is consistent with the RBH Ron, 2000; Patton et al., 1997; Avila-Pires, 1995; Cracraft and Prum, 1988; Vanzolini, 1988) . The RBH has been explicitly tested in only one instance. An extensive study of eight rodent species along the Rio Juruá in the Brazilian Amazon region found that genetic divergence between conspecific populations across the river was much less than that between populations along the same side of river that were isolated historically by a substantial geographic barrier Patton and da Silva, 1998; Patton et al., 1997; Patton et al., 1994) . These results indicate that the Rio Juruá was not a significant barrier to gene flow in small mammals, as required by the RBH (but see Peres et al., 1996 for a riverine effect in primates).
The RBH has not been suggested as a significant contributor to diversification of the Atlantic Forest fauna, although large rivers such as the Rio Paraiba do Sul, Rio Doce, and Rio Jequitinhonha (Figure 2 ) may separate lowland portions of the Atlantic Forest. The Rio Jequitinhonha and Rio Doce have been identified as limits to regional faunas, but no studies to date have determined whether large rivers in the Atlantic Forest result in population divergence or speciation (cf. Patton et al., 1994) . To a large degree, riverine barriers in the Atlantic Forest correspond to breaks between mountain ranges and, therefore, for all taxa except those confined to lowland rainforests, riverine barriers may be considered as part of the Montane Isolate Hypothesis.
Montane Isolate Hypothesis
The Montane Isolate Hypothesis (MIH) has gained some support, especially in Africa (Roy, 1997; Fjeldså, 1994) . However, found that long-term geographic isolation among montane rainforest isolates in Australia did not result in significant phenotypic evolution or speciation. The MIH has not been examined explicitly in the Atlantic Forest even though the mountainous topography of the region suggests that montane isolation is a plausible mechanism for geographic isolation. In general, the MIH has been lumped together with the PRH in discussions of Atlantic Forest biogeography (e.g., Jackson, 1978) . Some sigmodontine rodents such as Delomys collinus (Bonvicino and Geise, 1995) , Brucepattersonius spp., Akodon mystax and A. serrensis occur only at elevations above 2,000 m in the Serra do Mar (Bonvicino et al., 1997) and Serra da Mantiqueira (Geise, pers. obs.) . For these taxa, montane isolation is almost certainly a reality, but it is not clear whether montane isolation has been the driving force in speciation. Again, recent analyses of mtDNA variation in small mammals are informative Lara and Patton, 2000; Mustrangi and Patton, 1997) . As discussed below, at least two small mammal genera (Marmosops and Trinomys), and possibly a third (Akodon), show patterns of mtDNA variation that are consistent with, but do not provide a sufficient test of, the montane isolate hypothesis.
Phylogeography of Trinomys, Marmosops and Akodon
We reanalyzed previously published mtDNA data from the Atlantic Forest spiny rat Trinomys (Lara and Patton, 2000) , the slender mouse opossum Marmosops , and the grass mouse Akodon ) and found patterns consistent with montane isolation (Figure 2 ). In Trinomys, variation is primarily structured by habitat, with two main clades of species occupying wet evergreen forest and semi-deciduous forest, respectively. The species T. gratiosus, T. iheringi, T. dimidiatus and T. mirapitanga form a strongly supported clade and inhabit wet evergreen forest in the coastal lowlands, the Serra do Mar, Serra dos Órgãos, and Serra da Mantiqueira. In contrast, the species T. setosus, T. yonenagae, T. paratus, and T. eliasi, which also form a strongly supported clade, inhabit semi-deciduous forest in the Serra do Espinhaço and Serra da Mantiquera. The exception is T. yonenagae, which is also part of this clade but is found along the Rio São Francisco outside of the Atlantic forest domain and is not pertinent to our discussion.
Within the wet evergreen forest clade, there is a clear pattern of species occupying different mountain ranges (Figure 2) . T. dimidiatus occupies the Serra dos Órgãos and is the sister species to T. iheringi, which occupies the Serra do Mar. These two species are part of a clade that is the sister group to T. gratiosus, which occupies the Serra da Mantiqueira and spills over into the Serra do Mar. These patterns of phylogenetic relationship among species are consistent with divergence of species in different mountain ranges while largely retaining an ancestral ecological affiliation with wet evergreen forest.
Patterns in the clade that inhabits semi-deciduous forest are less consistent with the MIH. Populations of T. setosus occupy both the Serra da Mantiqueira and Serra do Espinhaço as well as adjacent lowland forest. The sister species T. eliasi and T. paratus both occupy semi-deciduous forest but T. eliasi is restricted to lowlands (although it is known from only two localities), while T. paratus is more widespread and ranges up to at least 600m in the Serra da Mantiqueira.
Moreau's original hypothesis (Moreau, 1966) postulated that Pleistocene glacial periods resulted in isolation of rainforest taxa on mountains where rainforest persisted. The depth of divergence between T. dimidiatus and T. inheringi (11% difference in mitochondrial cytochrome-b; Lara and Patton, 2000) suggests prePleistocene divergence and, hence, the species of Trinomys appear to be much older than the Pleistocene. Nonetheless, the presence of sister species on adjacent mountain ranges is consistent with one prediction from the MIH.
Two of the six species of small arboreal marsupials in the genus Marmosops are found in the Atlantic Forest. Marmosops incanus and M. paulensis are sister species ) that occupy both wet evergreen and semi-deciduous forest from the coast to over 1500 meters elevation. M. incanus occurs from the lowlands to ca 800 m in the Serra do Mar, Serra da Mantiqueira and Serra do Espinhaço. M. paulensis occurs primarily above 800 m in the southern Serra da Mantiqueira, Serra do Mar, and Serra dos Órgãos.
In M. incanus, Mustrangi and Patton (1997) identified several well-supported lineages defined by mtDNA sequences. These lineages correspond well with each of the major mountain ranges -one lineage is found in the Serra do Espinhaço, another in the Serra da Mantiqueira and a third in the Serra do Mar. Three additional lineages are found in the coastal lowlands of Rio de Janeiro extending into the Serra do Mar, the lowlands on either side of the Rio Jequitinhonha, and at Linhares (50 m elevation) in the state of Espirito Santo. The relationships among mitochondrial clades are not well resolved so we cannot determine if sister groups of mtDNA haplotypes are found in adjacent mountain ranges, as predicted by the MIH. The depth of divergence among mtDNA clades in M. incanus is less than among species of Trinomys, but is still so great (average of 6.4%) as to suggest prePleistocene differentiation.
Sampling of M. paulensis by Mustrangi and Patton (1997) was limited but they identified two main lineages of mtDNA haplotypes -one found in the southern Serra da Mantiqueira and another in the Serra do Mar and Serra dos Órgãos. The depth of divergence among these lineages (5.9%) is similar to that seen among mtDNA lineages in M. incanus and the phylogeographic patterns of the two species are remarkably concordant, suggesting that similar environmental factors have structured mtDNA variation in both species .
If speciation in montane isolates was responsible for the origin of M. incanus and M. paulensis, we would predict that each species would be distributed in adjacent montane areas. The data are ambiguous in this regard because both species occupy the Serra da Mantiqueira and Serra do Mar, although the more southerly distribution of M. paulensis and its affinity for cooler, higher regions in the northern part of its range argues for a more southern origin for this species. While the presence of distinct mtDNA lineages in both M. incanus and M. paulensis that are distributed among the major mountain ranges is consistent with the effects of montane isolation, studies designed specifically to test this and other hypotheses of diversification in this group are needed.
Akodon is a small sigmodontine rodent that is found in a wide range of habitats in the Atlantic Forest region, including lowland and upland forest (both wet evergreen and semi-deciduous forest), restinga, and both lowland and high altitude grasslands. Of the three species in the cursor complex, two species are common in the Atlantic Forest. Akodon cursor is primarily associated with wet evergreen forests across a wide altitudinal range, occurring from sea level to 800 m altitude in all of the main mountain ranges. A. montensis occupies a wide range of habitats in the four main mountain ranges above 300 m (Geise, 1995) . Where A. montensis and A. cursor are sympatric in the state of Rio de Janeiro, A. montensis replaces A. cursor at altitudes above 800 m.
Akodon shows relatively shallow mtDNA divergence within (0 -5%) and among species (c. 4 -15%) suggesting that it is a relatively recent taxon in the region . In contrast to Marmosops and Trinomys, Akodon shows little structure in mtDNA variation among regions and among habitats. The shallow divergence and presence of shared haplotypes among localities suggests high levels of gene flow, or, more likely, recent colonization in the Atlantic Forest. Interestingly, A. montensis shows greater geographic structure among mountain ranges than does A. cursor, which is consistent with it being a more montane species in which gene flow among mountain ranges is restricted. Even though divergence is very shallow and there is sharing of haplotypes among mountain ranges in both A. cursor and A. montensis, the haplotypes show some structure among mountain ranges, but the ranges do not contain exclusive haplotype groups. In A. cursor, a large clade of haplotypes is found in the southern Serra da Mantiqueira, Serra do Mar, and Serra dos Órgãos. A second, smaller clade is found in the northern and western Serra da Mantiqueira, Serra do Espinhaço, and lowlands of the Rio Jequitinhonha. Where the Serra do Espinhaço and Serra do Mantiqueira join, representative haplotypes of both groups are found.
Although sampling is not as extensive for A. montensis, a pattern of haplotype variation similar to that in A. cursor is apparent. One monophyletic group of mtDNA haplotypes is found in the Serra dos Órgãos and another in the Serra do Mar, extending around the headwaters of the Rio Paraiba do Sul and into the southern Serra da Mantiqueira. The Serra do Espinhaço are represented by a single site in the southern part of this range that contains a distinct mtDNA haplotype, as does another site in the far southern Serra da Mantiqueira.
A third group of Akodon (aff. cursor) is the sister group to A. cursor. This third group is found north of the Rio Jequitinhonha into northeast Brazil. The MIH predicts that sister species should occupy adjacent mountain ranges. While there is some indication of montane isolation in the distribution of mtDNA haplotypes, the relationship among the three closely related species of Akodon presented here is not consistent with the MIH. It is likely that the distribution of mtDNA haplotypes in the A. cursor complex are not at drift-gene flow equilibrium, as there is no pattern of isolation by distance even though gene flow among distant localities is likely to be low. This suggests recent occupation of much of the Atlantic Forest region. Geise et al. (2001) rejected the peripheral isolate hypothesis for the origin of A. aff. cursor from within A. cursor because the two taxa show reciprocal monophyly of mtDNA (whereas the peripheral isolate hypothesis predicts that A. aff. cursor mtDNA should be nested within the haplotypes found in A. cursor). The recent divergence of A. cursor and A. aff. cursor is consistent with Quaternary speciation but whether speciation resulted from isolation in refuges or across ecological gradients or among mountain isolates remains to be determined.
Ecological Gradients Hypothesis
Recently, evidence for the Ecological Gradients Hypothesis (EGH) has come from observations that morphological differentiation among populations occupying adjacent but differing habitats occurs despite high rates of gene flow Smith et al., 1997) and in the direction predicted by selection. The demonstration of population divergence in response to selection across ecological gradients suggests that this may be an important process in speciation. However, analyses of species relationships across altitudinal gradients in separate river valleys in the eastern Andes of Peru (Patton and Smith, 1992) did not support the EGH. Rather than having sister species replace each other altitudinally in each valley, as predicted by the EGH, Patton and Smith found that sister species tended to occupy similar altitudinal ranges in each valley, suggesting divergence in allopatry (however as noted by Patton and Smith [1992}, divergence may have occurred once across the ecological gradient followed by dispersal of species among valleys and subsequent allopatric divergence).
The EGH has yet to be examined in the Atlantic Forest, except for one ongoing study (Pinheiro et al., 2001) . The distribution of vegetation types, resulting largely from a rainfall gradient that declines from east to west in combination with orographic effects of mountain ranges, provides a clear ecological gradient across which disruptive selection may generate new diversity. Furthermore, the large altitudinal and corresponding habitat differences between lowland and upland forests provide another type of ecological gradient across which divergence could occur. At least one recent study (and possibly two others) indicates an intriguing relationship between divergence and habitat gradients in the Atlantic Forest spiny rat Trinomys where the distributions of its species coincide with the distribution of vegetation types and humidity gradients in the Atlantic Forest (Lara and Patton 2000) . The Atlantic tree rat Phyllomys also shows a similar trend in that some species are restricted to semi-deciduous forest while others occur mainly in the coastal rainforests (Leite, 2002) .
In an ongoing study of morphometric differentiation among populations of M. incanus, Pinheiro et al. (2001) found highly significant differences between populations occupying the two forests types (evergreen and semi-deciduous forests). Within the wet, evergreen forest there were no differences among localities. However, within the semi-deciduous forest, there were significant differences among localities.
The association of species with different habitats is not sufficient to test the EGH. For example, the two major clades of Trinomys may have diverged as a result of vicariance induced by the uplift of the coastal mountain ranges with subsequent differentiation within each habitat type. The study of M. incanus is consistent with the prediction of the EGH that populations within species should show greater morphological divergence among rather than within habitats, but these observations need to be compared to levels of genetic distance among populations to determine the form of the relationship between genetic and phenotypic distance (Figure 1 ).
CONCLUSIONS
Studies of diversification (of most taxa, not only mammals) in the Atlantic Forest are in their infancy. In general, our knowledge of the evolutionary processes that generate phenotypic and species diversity in natural systems is remarkably poor given the number of studies that purport to address this important topic. Nearly 150 years after Darwin we still do not know how new species arise. As noted by Bush (1994) , processes of speciation in tropical forests are likely to be complex and no single model is likely to be generally applicable. What is needed is a robust hypothesis-testing framework to distinguish among alternative speciation processes (see Patton et al., 2000; Patton and da Silva, 1998; Orr and Smith, 1998; Schluter and Nagel, 1995; Patton et al., 1994; Patton et al., 1990; Patton and Smith, 1992; Cadle and Patton, 1988; Patton, 1986; Endler, 1982b for examples). There are abundant opportunities to increase our understanding of the evolutionary processes involved in speciation in every region of the world and in almost every taxon. Laboratory studies of Drosophila have been informative regarding the genetics of speciation (see Rice and Hostert, 1993 and Wu, 2001 for reviews), but studies of laboratory populations can only go so far and tell us very little about how species interact with their evolving landscape during differentiation. We thank Jim Patton for his pioneering work in this area and for pointing the way to a better understanding of both the patterns and processes of speciation in natural populations.
